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SYJOPSIS 


ACTKEALING OP QUEFCHED-IY V.iCAITCIES IN 

q.i wt CHEcuuif alloy 


The object of the present investigation is to 
determine the chromium-vacancj binding energy in alnminium 
by studying the decay of queue hed-in vacancies in aluminium 
- 0.1 wt % chromium alloy. The process of decay is 
followed by electrical resistivity measurements at liquid 
nitrogen temperature. 

Two stages of recovery are observed when both 
pure aluminiima. and the al-uminium-chromium alloy are quenched 
from 500°C and isochronally annealed in the temperature - 
range 0 to 240°C. The first recovery stage lies in the 
temperature range 0 to 40°C and the second between 120 to 
240°C . Prom the results obtained it is difficult to draw 
any conclusions about the effect of chromium on the isoch- 
ronal annealing behaviour of quenched aluminium. Isothermal 
annealing measurements are carried out in the temperature 
range 0 to 30°C on both the materials quenched from 500°C. 
The resulting annealing data do not, in general, conform to 
first or second order kinetics, although the low temperature 
annealing (0 and 10oC) data could be fitted to a second 



order reaction. The iso t hemal annealing data for the 
alloys are ana.lysed, on the basis of a model which takes 
into account the simultaneous annealing of single and 
divacancies, to give a value of 0.13 to 0.17 ©7 for the 
c hroniuQ- vacancy binding energy. 

When the alloy is quenched from 500°C and then 
isothermally annealed at 250°G, th-jre is a significant 
decrease in resistivity of the order of 150 n ohm cm in 
about 1200 minutes, after which no further change in 
resistivity occurs. Probably precipitation of chromium 
is occurring at this temperature hov/ever, this is to be 
checked by other experimental methods. 



CHAPTER 1 


IHTROBUCTIOH 


Several of the physical and mechanical properties 
of metallic crystals are controlled by the presence of 
imperfections. Ihe latter can be classified as follows: 


1 . 

Point 

defects 

- vacancies, interstitials and 




impurity (or solute) atoms 


2. 

line 

defects 

- dislocations 


3. 

Area 

defects 

- grain boundaries, surfaces 

and 




stacking faults 


4. 

Yolume defects 

- voids or pores, precipitates. 



Of these 

defects, point defects are the 

only 


species which are in thermodynamic equilibriim. The others 
are accidents of growth of the crystals and under favourable 
conditions can be minimised. An excess concentration of 
point defects can be produced in metallic materials by 
quenching from elevated temperatures, plastic deformation, 
nuclear irradiation or deviation from stoichiometric 
composition. 

Point defects can interact with one another. 

A vacancy can combine with another vacancy to form a 
divacancy. A vacancy and an interstitial can react 
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resulting in an atom in the normal lattice site; in this 
process both the defects are eliminated. The formation 
of trivacancy, tetra vacancies, diinterstitials and other 
complex clusters can be easily visualised under suitable 
conditions. These clusters may assume large size leading 
to the formation of dislocation loops or voids. 

Impurities or solute atoms also interact with 
vacancies to form solute- vacancy complexes or bound 
vacancies. The importance of this interaction was first 
indicated by Johnson in 1939^^^ in connection with 
diffusion in dilute alloys. The concentration of the 
solute-vacancy complexes depends on the magnitude of the 
solute-vacancy binding energy, which is defined^s 

the difference between the energies required for the 
format_ion of a vacancy in the solute fre e-lattice and in a 
site which has only one solute atom in its nearest neigh- 
bouring position, lor positive values of binding energy 
the equilibrium concentration of vacancies in a pure 
solvent is less than that in the alloy at the same temper- 
ature, the exact difference being a function of temperature, 
solute concentration and binding energy. 

Whenever excess point defects are present in 
a pure metal or alloy, there is a tendency for the former 
to move to sinks and get destroyed there until the 
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-concentration of the defects is reduced to that character- 
istic of the temperature. This process of elimination of 
excess defects is called annealing. Experimental studies 
on the annealing of vacancies retained by a rapid quench 
from a high temperature have been widely carried in the 
last two decades using electrical resistivity measurements. 
The study of the temperature dependence of the concentra- 
tion of vacancies in metals and alloys leads to the 
estimation of the formation energy of a vacancy in the pure 
metal and the solute- vacancy binding energy (thermodynamic 
method). The migration energy of a vacancy and the solute- 
vacancy binding energy can be estimated by studying the 
rate of deca^r of excess of vacancies in the pure metal and 
the alloy (kinetic method). The sum of the formation and 
migration energies of a vacancy must be equal to the 
activation energy of diffusion, if diffusion occurs by 
vacancy mechanism. 

Quenched -in vacancies play a prominent role in 
influencing the initial stages of precipitation in super- 
saturated alloys. For example, if the solute-vacancy 
complex is slow moving, precipitation can be sluggish. 

The clusters of vacancies such as dislocation loops and 
voids can act as sites for heterogeneous nucleation of the 
precipitates. A large number of investigations have been 
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carried out on the behaviour of quenched-in vacancies in 

several aluminium-base alloys. The results of several 

( 2 ) 

of these investigations are summarized by Pederighi' . 
Recent studies on the diffusion of transition elements 
(Mn, Cr, Ni, Pe) in aluminium indicates anomalously high 

f'Z) 

activation energies for solute diffusion' . As the 
investigations on the behaviour of excess vacancies in 
aluminium-transition metal alloys are limited, we have ■ 
started systematic studies on Al-Mn, Al-Cr and Al_Pe 
alloys. The results obtained on the annealing of excess 
vacancies in an A1 - 0,1 wt 5^ Cr alloy are presented in 
this thesis. Electrical resistivity measurements are 
used to carry out the necessary investigations. 



CHAPTEB. 2 


BEVISW OF PBEVIQPS WOBK 


It is now well established that vacancies and 
interstitials play a dominant role in the process of 
diffusion. The presence of excess vacancies can lead to 
enhanced diffusion. In the early stages of ageing of a 
precipitation hardening alloy, the rapid movement of solute 
atoms is brought about by the quenched-in vacancies. The 
clustering of th£ vacancies lead to the formation of 
defects like voids and dislocation loops v;hich offer sites 
for the heterogeneous nucleation of precipitates. The 
thermodynamics of the point defects 'and the kinetics of 
annealing of excess defects are discussed in this chapter. 
The application of the kinetic principles to the study of 
solute- vacancy interaction in aluminium alloys is also 
elucidated. 

2.1 THEBMODYBAMICS OB VACANCIES IB IvIETAIg ; 

The formation of point defects in a crystal 
requires a certain amount of positive work which increases 
the internal energy of the crystal. However, the ccnfigu-- 
rational or mixing entropy is also increased because there 
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are many ways cf distributing the point defects among the 
available lattice sites. The Gibb’s free energy is a 
minimum for a certain concentration of defects determined' 
by the balance of the energy and entropy tsroas and this 
gives rise to the equilibrim concentration of vacancies 
at any temperature above 0®K. 

Consider F atomic sites in which n vacancies are 
to be arranged. W, the number of ways in which they can 
be arranged is 


W = 


NI 

Tsisrm 


( 2 . 1 ) 


The configurational entropy S, is given by the 
relation from statistical mechanics as 


S 


k In W 


k In 


(N-n)l a I 


v/here k is the Boltzmann's constant. 


( 2 . 2 ) 


Applying Stirling's approximation viz. 


In x! = X In X - X, for x 1 , 


We get 

S = k |jr In N - (F-n) In (N-^n) - n In n^ (2.3) 

If E:^ is the energy for the formation of a 
vacancy, then the increase in free energy, AG of a crystal 
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in forming n vacancies is given by 
AG = nE^ - TS 


(2.4) 


= nS^ - kT £]Sr In IT - (H-n) In(lT-n) - n In ^ 

(2.5) 

When we have the equilibrium no, of vacancies 

{^) = 0 , ( 2 . 6 ) 

Prom these considerations, we can show that 



since n « IT, it can be neglected in the denominator of 
L.H.S. of equation (2,7). 


In deriving the above equation, we have considered only the 
configurational entropy. The other entropy terms can be 
included by the introduction of a pre -exponential constant, 

Oy = I = AexpjlE^AlJ (2.8) 


where Cy is the atomic concentration of vacancies and A is 
a constant. Prom this expression, it is clear that Cy = 0 
at 0°K and Cy increases exponentially with temperature. 

In a similar manner, we can calculate the 
equilibriTim concentration of divancies. If the coordination 
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nunbcr of lattice is Z, there are ZlT/2 adjacent pairs of 
lattice sites; 02 divacancies can be distributed amongst 
these sites in the follov/ing number of ways 



Proceeding as before, we can show that the 
divacancy concentration, is 



^ Z(Cy)^ expCBg/kT) 


( 2 . 10 ) 


where Bp is the binding energy of a divanancy which is 

f f f ' 

defined as 2Ey - ^2V’ where E 2 Y is the energj^formation of-- - 

a divacancy. 


2.2 F0BMA.TI0F OP SOlUTE-VACANCY PAIBS : 

In a dilute binary alloy, an interaction can 
exist between a solute atom and a vacancy occupying nearest 
neighbour positions. This interaction energy or the solute- 
vacancy binding energy, is defined as the difference 

in the energy of formation of a vacancy in a site having 
only solvent atoms as nearest neighbours and that in a site 
which has one solute atom in the first co-ordination shell. 
When By^ is positive, it is energetically favourable 



the vacancies to form next to the solute atoms, a tendency 
opposed hy entropy consideration. 

Vacancies in an impure metal can be either free 
or bound. Bound vacancy has one solute atom in its first 
co-ordination shell, free vacancy has all solvent atoms in 
its first co-ordination shell. The total vacancy concen- 

f 

tration, iii a-n alloy or impure metal is the sum of 

free vacancy concentration, Cy, and the bound vacancy 
concentration, Gy^. Following lomsr^^\ these are given by, 

Gy = A(1 - ZTT I^) exp(- I^/kT) (2.11) 

and Cy^ = A Z expP^(E^ - By^)/kT*^..' (2.12) 

where Z is the co-ordination number, is the impurity 
concentration (atomic), A is the entropy factor, assumed 
to be the same for both free and bound vacancies , and Ey 

is the energy of formation of a vacancy in the pure solvent. 

! 

The total vacancy concentration, Cy,is given by 
the addition of equations (2.11) and (2.12). 

Cy = A exp(- E^/kT) Ij - ^ + ZI^ exp (By^/kT);! 

= Cy [[l - + ZI^ exp(By^/kT)^ 


(2.13) 
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Equation (2.13) indicates that the t'^tal vacancy 

concentration in an alloy is greater than that in pure metal 

on 

by an amount which depends^By^, and T. The ratio of the 
bound to the free va.cancies increases with increase in '^ y ± 
and decrease in temperature. 

The binding energy of a solute to a vacancy is 
due to a strain energy term, ABg, and an electrosta.tic 
interaction tariu, A . The presence of large sized solute 
atom causes strain in the lattice which can be relieved by 
tile presence of a vacancy adjacent to it. This can 
qualitatively aonount for the term ^ Bg - The electrostatic 
interaction tern can arise when the impurity atom has a 
valency different from that of the solvent atom. In 
particular if the impurity atom has a higher valency, it 
attracts a vacancy by its side in order to minimise the 
electrostatic potential of the system. 

2,3 QUENCHED- IN VAGAICIES IF DffiTAlS ; 

A high concentration of vacancies can be reta.ined 
in a metallic sample by soaking it at a high temperature, 

Tg^, and then cooling it rapidly to a low temperature, T^. 

The choice of T^, T^ and p, the rate of quenching is very 
important in controlling the concentration of the excess 
vacancies. T^^ must be high enough so that the concentration 
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of vacc-ncies retained is large enough f -r precise measure- 
ment. But the degree of clustering tho defects increases 
with increase in T^. If unassociatcd .r unclustered defects 
are the only species of interest, this clustering process 
puts an upper limit tc the quench temperature while measu- 
rable amount puts the lower limit. 

(Concentration of vacancy clusters (divacancies, 

tri vacancies , etc.) increase at the expense of single 

vacancies during the quenching process. Th-j concentrations 

of these clusters depend on their binding energy. When only 

single and divacancies a.re considered, there is a critical 

temperature, T*, below which equilibriuiri between Gy and ^2V 

is frozen during quenching. Bor aluminium, this critical 

( 5 ) 

temperature, T* , is defined by the equation^ 

7k exp((E^, + ^ 

^ (1 + 480^ exp (B2/kT* ) 

where E is the migration energy of single vacancy, is 
m 

the vibrational frequency of atoms which are the nearest 

neighbours of a vacancy and is the single vacancy 

concentration at T*” . It has been found out that the number 

of divacancies formed during quenching increoses with an 

increase in- quenching temperature and divacancy binding 

( 6 ) 

energy and with decreasing quenching rate'’ . When an 
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alloy is quenched the equilibrium between single vacancies, 
divacancies and bound va.cancies can change with decrease 
in temperature. This problem ha.s been studied in detail 
by Doyama^"^^, Xf the solute -vacancy binding energy is 
higher than that for the divacanoy and the solute concen- 
tration is higher* than the single vacancy concentration, 
the reestablishment of equilibrium involves essentially 
single and bound vacancies. There is a critical temperature, 

T* , below which "the equilibrium between single vacancies 
a 

(7) 

and complexes is fiezen, T^, is defined by the expression' ■ ! 

7k.^>*(T»)^ r- -I 

Ao + exp(B^/kTJ)J 

- ^ ^ (2.15) 

As with pure metals the concentration of single vacancies 
decreases during quenching. 

2.4 KIKETICS 0? ANIIBALING OX Q^I^CHES-IN VACAITGIES ; 

It has already been pointed out that quenched-in 
vacancies can be retained only at sufficiently low temper- 
ature. If the temperature is raised appreciably, the 
excess vacancies migrate to the sinks so as to establish 
the concentration characteristic (equilibrium) of that 
temperature. The annealing of vacancies is the process 
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of disappearance of the super saturation of defects. Since 
the mobility of defects increases rapidly with increasing- 
temperature, a suitable temperature interval can always be 
found in which the rate of disappearance of a given defect 
can be measured » 

The annealing stages can be established by 
carrying out isochronal annealing on a quenched sample by 
heating it to successively higher temperatures in steps for 
constant time with attendent changes in vacancy concentra- 
tion measured at the end of each step. The changes in 
vacancy concentration are found out by measuring the changes 
in a suitable physical property (normally electrical 
resisti-vi-ty) of the quenched sample, 

2.4.1 Isochronal Annealing ; 

/ 2 8 1 

Pederighi et al'- » * have reported the results 
of isochronal annealing of quenched 99.995% pure aluminium. 
The results are shown in fig-1. Prom the plot, we can see 
that there are two isochronal stages. They observed that 
the largest fraction of quenched-in resistivity anneals out 
in stage I occurring at or below room temperature. This 
stage I is due to the fomnation of dislocation loops and 
voids by -vacancy condensation as shown by transmission 
microscopy^ ^ and to the annealing of -vacancies to 
permanent sinks like dislocations and grain boundaries. 



9v 
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F'IG.I ISOCHRONAL ANNEALING OF 
PURE Al 
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2.4.2 Isothermal Amioaling : 

The sinplest annealing process is one in' which ^ 
the defects of one species diffuse to a fixed number of 
Unfillable sinks with no associated stress fields. In this 
case, the decajp in concentration of defects is expected to 
be exponential. The rate of change of defects dn/dt is 
given by the relation, 

^ - Kn (2.16) 

where K is the rate Constant and n is the niamber of defects 
remaining in tkie metal. Integrating equation (2.16) 

n 1 * exp(- Kt) (2.17) 

where K, the rate constant is equal tco<D and n is the 

» o 

nimber of defects at time zero. The constant of proportion- 
ality, is identified with the sink concentration. 

We see that the annealing kinetics in this case 

are of the first order. However* several experimental 

Ml Ip) 

results on pure aluminium* * indicate the occurrence 
of annealing kinetics faster than the first order. This 
can be explained by taking divacancies into consideration. 

The reactions involved in this case are 
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K 


Vi Vi -- 


1 


V. 


^2 

S inks 


K 


^2 S InV.c! 


( 2 , 18 ) 


v>-her'. 7, and 7^ represent single and divaoancies end K's 

are the rate constants, Por f r* r> d., 

or t.c.c, metals, the rate constants 

oan be defined by 

^1 = 84Vexp(- E^^ 1 ^/kT) 


^2 = Uy exp(-(E^^1^ + B2)/kT) 

^ exp(- E^^i^/kT) 




( 2 . 19 ) 

®m(l) \( 2 ) are the single and dlraeancy migration 

energies respectively, y is the vibration frequency and > 

^3 the junp distance. The rate of change of single and 

divanancy concentrations can be written fror. equation (2 18) 
as 


dCy 

dt - SKgO^ - 2K,0‘ - 

^°2V 2 

dt - ^1°7 - ^2°27 - 


( 2 . 20 ) 
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The entire annealing process can be followed by solving 

equations (2,18). This has been carried out by Darask and. 
(15) 

Dienes^ ^ for a specific set of vacancy paraneters. 

In the case of impure metal or dilute alloys, 
every vacancy encounters a large number of impurity atoms 
or solutes during migration to a sink. If vacancy- impurity 
complex is immobile or has much lower mobility than that of 
free vacancy, the vacancy is trapped and the complex must 
dissociate before the vacancy can continue its migration 
towards a sink. 

Dama^ and Dienes ^ have studied the 

annealing process by the chemical reaction approach. The 
following assumptions are made in this approach. 

1 , Vacancies form only solute-vacancy complex and no 

of 

other defects i. e, avoiding the formationZdivacancies, 
trivacancies etc, 

2. Free vacancies migrate to sinks with rates equal to 
the annealing of vacancies in pure metal. 

3. So lute -vacancy complex is immobile. 

The reactions occurring can be expressed as follows, 

V + I c 

^6 

Vj. ■ Sinks 


( 2 . 21 ) 



18 


where I represents the unbound impurity atoms and C, the 
bound vacancies. K's are the corresponding rate constants 
and are defined 


K5 = = 84Vexp(-;E^^^^/kT) 


and Kg = 7 V exp(-(E^^^^ + 


( 2 . 22 ) 


The differential equations for these reactions can be written 
(after substitution 1=1^ - C) as 


dt 

dC^ 

W 


- K^C^t- K2C 


= - + K^GC^ + K2C . KjC-, 


(2.23) 

(2.24) 


whe 2 ?e is the total impurity concentration, which is a 
'constant for any given experiment. The total vonancy 
concentration (11 = 0 + Cy) is described by the differential 
equation 


^ ^ ii(c H- Cy) _ dC , 

dt ■" dt " dt dt 




(2.25) 


Equations (2.23) and (2,24) form a set of non 
linear coupled differential equations v/hich, y/hen solved, 
will describe the conplote annealing behavirur :f the 
system. The equilibrium concentration of vacancies at the 
annealing temperature is negligibly smo.ll, and hence Cy 
and C approach zero as time approaches infinity. 



19 


The computer solution of these equations shows 
that the niomber of complexes, C, increases very rapidly 
during the early stages of annealing. During the same 
transient period the concentration of free vacancies 
decreases rapidly. After these fast transients, C and 
deca;/ slowly, !Ehese fast transients will result in the 
establishment of equilibrium between and C, character- 
istic of the annealing temperature. The rapid elimination 
of these transient conditions suggests that an analytical 
approximation can be used f'-'r the bulk of the vacancy 
decay curve. Eqiiilibriiim for the reaction represented by 
the equation (2.21) implies that 




. 5s 
" ■^6 


(2.26) 


which is also the condition for steady-state approximation 

OIQ. 


0, A further approximation, namely, C « I© 


leads to 



( 2 . 27 ) 


substitution of equation (2.27) in equation (2,25) and 
integration gives, 


C + Cy = 


= °7(o) ti a^KjAg)] exp(- E^t) (2.28) 


If 
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whore C 


V(o) 


is the free vacancy concentration at the hegin- 


ing of exponential decay and, 


K, 






is defined by 


K-c 

S 12 exp(^i) 

The equation (2.29) can now be rewritten as, 


K_ « 


1 + 12 expCB^^/kT) 


(2.29) 


( 2 . 30 ) 


can be detensiined by carrying out an isothernal annealing 
experiment on a pure sample and can be found out by a 
similar experiment on an alloy at the same temperature, 
can be found out by using the equation (2.30). It can also 
be noted that 


F = H- exp - K^t 


(2.31) 


where is the total vacancy concentration at zero time. 

Damask and Dienes, in their analysis assume that 
vacancy concentration is sufficiently low so thot higher 
order complexes like divacancies are absent. However, when 
quenching temperatures are higher, divacancies are fomed. 
There will be simultaneous annealing of single and 
divacancies. The corresponding kinetic scheme i? 
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+ I 


K 


1 . 


Vg 

^2 


Sinks 


K. 

^ Sinks 


flHae differential equations for these reactions can be 

written after substitution I s: I - C as 

o 

2 

dt “ ” ^ ^2^ "" ^5^2V ” 


dtJ, 


2V 


dt 


1 K^o| - I - KgOj^ 


dt 


= ^1^V^o “ - V 


(2.32) 


Since the total vacancy concentration IT = + 202^ + C, 


dU 

dt 


dCy 2dC2Y 
dt “dt 


dC 

dt 


^3^V 


^ 6^27 


(2.33) 


f 1 6 ) 

Chik'' ^ has solved, the equation (2,33) using 
the steady state approximation on divacancies i.e, 
dC 2 Y/dt = 0, Lahiri^^"^^ et al, Singh^"*®^ have solved these 
equations in a computer using known values for E and 
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E^( 2 ) to arrive at the variation of C^, C 2 Y ^.nd U as a 
function of time. As in the case of single vacancy annealing 
in alloys, there are initial transients followed by a steady 
decay. The tr^sients correspond to the reestablishment of 
equilibrium between C-^, and C, characteristic of the 
temperature of annealing. 

2.5 DETERMINATIOIJ OE BIKDETG EHERGY FROM ELECTRICAL 

Electrical resistivity measurements are commonly 

f 

used for the determination of Ey, Bg and Bvi- The principle 
of this technique is based on the Mattheiessen’ s ixile, 
which states that the total resistivity of the material (6) 
is equal to the sum of the contributions from lattice 
vibration and defects (^)j i.e, 

+<?D 

If in an experiment the concentration of all defects 
excepting point defects is kept constant, the value of € 
varies slightly depending on the point defect concentration 

e = (2.35) 

where is the resistivity contribution due to point 

f 

defects and that due to all other defects. 
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The sum of and ^ can be obtained by making measure- 
ments on a well annealed sample . If this is compared 
with the resistivity of a quenched sample (^q) » there is 
a small difference, ^ , equal to, 

Ae = A‘ exp(- E^ATq) (2.36) 

where A* is constant. 

If a set of several quenching temperatures is used then a 
plot of In 4 ^^ against is linear with slope equal to 

-4a. 

In order to avoid cojaplications due to divacancies, it is 
.necessary to \ase low quenching temperatures. When a 
similar experiment is carried out on an alloy, the extra 
resistivity alloy can be defined as, 

tt 

alloy = 4Atq) O - Z+1 + exp 

(2.57) 

where A" is a constant and ^ is the contribution of a 

bound vacancy to electrical resistivity. A plot of 

In A (' against 1/1^ over narrow temperature ranges is 

f* f* 

usually linear with the slope given by -E^ /k where is 

the apparent energy of formation of vacancy in the alloy. 
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Pron equation (2.37), it is clear that 


- 


[z Svi lo 


(2.38) 


By considering clustering during quenching, Lahiri et al 
have shown that. 


(19) 


Ev - Ef 


r ZI^ Ey , expdky^Alg) J 

£l + zr exp(tiy^Al'q)-l 


(2.39) 


f f* 

So knowing Ey, Ey , and T^, By^ can he calculated. 

A second method of calculating the binding 
energy of the solute-vacancy complex involves quenching 
-the pure metal and the alloy from the same tempero.ture and 
measuring the extra resistivities and nixoj' 


, The two 


are -related by the expression 


AC, 

alio: 

A ^ 


= 1 - 151^ + 121^ exp(By^/kT^) 


(2.40) 


A plot of ^^alloy^^ against l/T^ is linear with slope 
equal to By^/k. 

The migration energy of a vacancy can be calcu- 
out 

lated by carrying/isothermal annealing studies on a 
quenched metal. Brom equation (2.17), 

A«e t = 
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whore ^ ^ ^re the extra resistivities at zero 

time and time t respectively. A plot ln( ) against 
t is linear with slope equal to (-K) . A plot of In K 
against 1/T (the data obtained from several isothermal 
annealing experiments) is linear with slope of 
Obviously, in order to minimise com.pl ic at ions due to di va- 
cancies, low quenching temperatures are to be used. 

V/hen a^similar experiment is performed on an 

alloy, the plot (alloy (alloy j) 

'leads to an estimate of K . from equation (2.29), once 

e y 

is known from annealing data of a pure m.etal, the ratio of 
IC^/Kg can be calculated. This ratio is equal to 12 exp (B^^/ 
kT). Hence B^^ can be determined by comparing the annealing 
curves of a pure metal and its alloy. 

2.6 BlfFUSIOH IH A1U?3INIU1?,!-TRAHS ITIOH-tSTAL ALLOY ; 

The activation energies for the diffusion of 
transition metals in aluminium are found to be s.nomaloasly 
high (Table 1)^^^. 

The precipitation of Mn a.nd Cr from super 

saturated aluminium alloy is sluggish even "at temiperature 
(17 20) 

of 350°C. ^ On the basis of these considerations 

it is expected tha.t the binding energy of the elements 
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table I — Exp e rime ntc-l vmlues of activation energies 

for diffusion of 3d transition solutes- in Al 

Activation energy in eV 

2.64 

2.19 

2.48 
1.81 
1.31 

U40 

would be high. The kinetic measurements made on Al - 0.1 
wt % Mn and Al - 0.35 vrt ^ Mn alloys ^ ^ ® ^ have shown 
that the manganese-vacancy binding energy is of the order 
of 0.1 eV. This value is lower than that quoted for a 
number of elements like Cd, In and Sn. In this investigation 
the kinetics of annealing of vacancies in Al - 0.1 wt Or 
alloy has been studied. 

2.7 AlTOJIMM-CI-mOMIUM SYSTEM : 

There is a peritectic reaction in the aluminium- 

(21 ) 

chromium system at a temperature 661.4 + 0.1°C, at 
which point maximimi solid solubility of chromium in 
aluminium is 0.72 wt % (0.375 at. %). The solid phases 


Solute 

Or 

Mn 

Ee 

Go 

Ni 

Cu 
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present at peritectic temperature are o<;.-solid solution 
phase and 0, which is an intennediate phase having formula 
CrAl^. The solid solubility limits of chromium in 
aluminium have been rej)ort'ed in table 2 . ^ ^ 

TABLE 2 


Temperature 

oG~ 

Solubility limit of 
chromixim 
wt % 

650 

0.58 

600 

0.45 

550 

0.50 

500 

0.19 

400 

0.06 

300“" 

0.015 


It has been seen that chromium has comparatively low solid 
solubility in aluminium which decreases very rapidly with 
fall in temperature. 



CHAPTER 3 


EXPERBEITTAL TECHinQUES 

5.1 MTBRIALS REQUIRED ; 

The present investigation has been carried out 
)n the following materials: 

l) Pure aluminium, 99.999% pure 
Li) Aluminim - 0,3 wt % Chromium, 

The A1 - 0,1 wt % Cr has been prepared from 
39.999% pure Al and 99.99% pure Cr. 

5.2 PREPARATIOIT OP ALLOY : 

The pure aluminium rod has been cut into small 
slices. The slices have been cleaned in dilute NaOH 
solution and than washed with water several times and finally 
with acetone. The chips of chromium have been immersed in 
iilute hydrochloric acid solution for about ten minutes and 
then washed with water and alcohol. The- necessary amounts 
of pure metals have been taken in a quartz tube which has 
been sealed in vactium and introduced in a glcb^r furnace 
maintained at 1200°G. Sufficient time (about 8 hours) has 
been allowed at this temperature in order to ensure complete 
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hoinogonisatic-n of the molten alloy. The quartz tube has 
then been removed from the furnace and cooled. The solid 
alloy has been removed by breaking the quartz tube and 
homogenised at 600°C for 120 hours. 

The homogenised Al - 0.1 v/t % Or alloy has been 
swag,t^d in a number of stages until its diameCw.r has been 
reduced to 2.5 mm. Intermediate annealing treatments at 
500 °G for 4 hours have been given in between uvery swaging 
treatment to prevent cracking the rod during sv^aging. The 
annealed 2.5 mm diameter wire has been drawn through a wire 
drawing die in a number of stages to the final diameter of 
about 1 mm. After every stage, care has been taken to avoid 
contamination by cleaning the wire with KaOH solution. 
Chemical analysis of the sample has shown that it contained 
0.095 wt % Cr with traces < 0.001 wt % of Cu and Mg. 

3.3 SAMPLE PREPARATION : 

The wire of pure Al or alloy of 60 cm length 
has been wound on a glass rod having an outer diameter of 
7 mm in the form of helical coil leaving 4 cm long straight 
wire at each end. As v/e will see in the subsequent section, 
the resistance measurements require separate potential and 
current leads. Pour separate wires each of 70 cm length 
of the same metal or alloy and of same size as the specimen 
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have been taken, two of them, have been fused to ^ach end of 
the sample. The following flux has been used for the 
■fusing of the wires, 

Potassium chloride 26>& by wt. 
lithium chloride 27/^ by wt . 

Sodium chloride 1 ) 2 .% by wt. 

Sodium fluoride 15% by v/t. 

The method adopted has been the same as that described by 
Lahiri ^ ^ . 


3.3.1 Sample Assembly ; 

After the sample has been made as described in 
the previous section, it has become necessary to have some 
means for easy handling of them and quick recognition of 
potential and current leads; also the current and potential 
leads should not come in live contact with one another. In 
order to avoid these difficulties, a,ll the four leads wire 
have been insulated with the help of porcelain beads to a 
length of 40 cm from the junction of the lead wire and the 
specimen. Por easy identification of the current and 
potential leads, different types of porcelain beads have 
been placed on each lead wire and they have been numbered 
as 1 , 2, 3 and 4. This has facilitated quick and correct 
connection of the sample to the resistance measuring 
device. The sample has been tied with the help of a pure 
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aluminiim wire on to a stainless steel rod cf about 2.5 mm 

diameter and 45 cm long, tc facilitate rapid quenching cf 

the sample . While tightening potential and current leads 

With pure aluminium wire, care has been taken that the 

aluminium wire has not been touching the lead wires. While 

measuring the electrical resistance the problem of short- 

circuiting of the lead wire has been avoided by inserting 

them into a four— holed neoprene sheet. This samplxj assembly 
been 

has/found suitable for resistance measinrement | it is shown 
schematically in fig. 2. 

5*4 EliECTRICAl RESISTANCE MEASURING THTIT ; 

The electrical resistivity of the sample is given 
by the following relation, 

_ €= V(l/A) (3.1) 

where R ss Resistance of the sa,mplc in ohms 
1 = length of the sample in cms 

P 

A = Cross-sectional area of the sample in cm 
and €. = Resistivity cf the material of the sample in 
ohm-cm. 

The length of the sample and the cross-sectional area are 
chosen as a compromise between precise measurement of 
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resistivity and the maximum resistance that can be measured 
on the Precision Kelvin bridge. In the present investiga- 
tion the variation in the resistivity of the sample as a 
function of different treatments has been measured. The 
relevant relation for this case is, 

where A R and A6 ere the change in resistance and resistivity 
respectively. The ratio (l/A) will remain constant for one 
sample; thus equation (3.2) reveals that change in resistivity, 
^ will be directly proportional to the change in resistance, 
AiR. The length -to area ratiosof the samples used in the 
present investigation are shown in Table 3. 

TABIE 3 

(l/^A) Ratio of Samples for Resistance Measurement 



Material used 

i t 

{Sample {Diameter 
{No. {of wire 

{ ; mm 

Length of{ 
sample { 

ems { 

. . 1 

(1/A) 

«m"* 

A1 

99.999^ Al 

1 

0.808 

59.2 

11.540x10^ 



2 

0.840 

59.0 

10.642x10^ 

A1 

- 0.095 wt % Or 

1 

0.998 

56.9 

7.268x10^ 


alloy 




"Z 



2 

0.998 

58.4 

7.466x10- 
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3.4.1 Precision Kalvin Bridge ; 

The precision Kelvin bridge is a general purpose 
Kelvin bridge for making lov/ resistance measurements essen- 
tially independent of lead and contact resistance. It is 
used to measure the resistance of precision resistors, of- 
wires, rods and bars. The Kelvin bridge method requires 
separate potential and current leads. The unknown and the 
standard resistances are connected to the bridge as shown 
in Pig. 3. The various elements of the circuit are 
identified below: 

X is the resistance to be measured between points 
p and p ’ . 

R is the standard resistance for comparison with X. 

The potential points t and t' are movable to vary 
"the resistance between them. 

A and B are the calibrated resistances in the n^in 
ratio arms of the bridge circuit 

a and b are the calibrated resistances in the 
axixiliary ratio arms . 

d is the connection, called yoke, between one end of 
X and the adjacent end of R. 

m, n, Z and Y are the resistances of lea.ds and 

contacts in connections between the ratio arms and 


the two conductors 
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V/hen tho elements of the circuit are adjusted 
sc that no current flows in the galvancmt;tor , the rcsistanco 
X between the points p and p' is related to the resistance 
R between the points t and t' as the resistance A is 
related to the resistance B. Hence, the working relation 
for Kelvin bridge under bala.nced conditi-n is, 


X _ A _ a 
R - B - b 


(3.3) 


The operation of Kelvin bridge is discussed in detail in 
the literature . The interconnection diagram of the 
precision Kelvin bridge is shown in Pig. 4. 


3.5 EXPERIMEHTAL SET-UP ; 

The various units used and the detailed procedure 
for carrying out measurements are given in the following 
sections . 

3 . 5.1 Annealing Purnaco (High Tempera, ture Purnace) : 

This is a vertical tube electrical furnace* 

The furnace is fitted with mullite tube 390 mm long and 50 mm 
intornal diameter. The bottom of the furrr.ee has been 
sealed. The furnace has been calibrated for maximum 
temperature zone. It has been found that the constant 
temperature zone is just a,bout 25 mm ab^'-ve the sealing plug. 



Galvanomder 
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FIG. 4 INTERCONNECTION DIAGRAM PRECISION KELVIN BRIDGE 
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The furnace has been closed from top with the help of a 
refractory lid. This lid has been sliced int' twc vertical 
halves. In cne half, twc holes have been mado tc insert 
chrcmel-aluiael thormoc ;uples . A small circular groove has 
been raade in the centre of the twc* vertical h- Ives of the 
refractory lid in order tc keep the sample in the furnace . 
Ono thormccouple has been connected to the potentiometer to 
measure the accurate furnacvi temperature. 

3.5.2 Quenchini^: Furnace ; 

This furnace has been similar to that of the 
annealing furnace excepting that the bottom has been kept 
open. It has a tube of internal diameter 70 r:m. and length 
460 mm. This furnace has been kept on a raised platform. 
This platform has a big hole of about 100 mm ot centre 
which has been fitted with a neta-llic plate, hinged to the 
platform to close and open the opening in the platform. 
Similarly furnace has been closed at the top by twc vertical 
halves of refract^-.ry . One half of it, is fitted with tv/, 
thermocouples and this lid has been tightenesd with v/ire . 

With the help of other half of refractory lid, the sample 
has been kept in the furnace for quenching. One theme - 
couple has been connected to a potentiometer for accurate 
temperature measuromont and the other to a L and IT 
temperature controller. 
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3 . 5.3 Quenching Vessel ; 

A steel pipe 100 cm long and 10 cm internal 
diameter with its bottom closed has been mounted vertically 
on a four wheeled trolley to facilitate the movement of the 
quenching vessel. The pipe is- wrapped with asbestos cloth. 
A thermocole spongy packing was tightly inserted to a 
depth 72 cm from the top of the pipe. The total height of 
this assembly has been adjusted so that the top end of the 
pipe is below the bottom end of the quenching furnace. 

3.5.4 Constant Temperature Bath ; 

For working upto a temperature of 80°C, a 
constant temperature bath has been made by taking a one 
litre capacity beaker filled with water and placing it in 
a 3 litre capacity cylindrical Dewar flask such that the 
top periphery of beaker has been at the same level as that 
of the flask. The temperature of the bath has been contr- 
olled with the help of a 250 watts water heater along with 

( 26 1 

a Fischer proportional controller^ ' . An electric stirrer 
has been used for stirring the bath. 

3 . 5.5 High Temperature Bath : 

For working in the temperature range 80 °C to 
260°C, an oil bath has been used. The oil used for this 
purpose is DM silicone fluid. A two litre glass beaker 
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has been coveired on the sides with a soft asbestos sheet 
over which a tiiick asbestos rope has been v/ound . The 
beaker has been filled v/ith DM silicone fluid and then 
placed in a hesating mantle. The actual temperature of the 
oil bath has been measured by a thermometer of graduations 
0.1 °C, inserted from the top. 

3.6 HES IS TANGE IIEASURING- BATH : 

The resistance of the sample has been measured at 
the boiling po-int of liquid nitrogen (78°K) . The reasons 
for using liquid nitrogen can be summarised as follows: 

a) The quenched-in vacancies can be retained at sufficiently 
low tempeim-ture without any loss, and 

b) -The total resistivity of 'the sample decreases sharply 

with decrease in temperature. Since the resistivity 
contribution due to queue hed-in vacancies is a small 
fraction off "the total resistivity of the sample, the 
resistivity due to queue hed-in vacancies is measured 
better at a low temperature. 

3.7 EXPERIMENgAL PROCEDUHB : 

The sample has been soaked for 30 minutes at a 
temperatxire of 500^0 in the quenching furnace. The sample 
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has been quenched from this furnace into brine solution 
maintained/about 1°C in the quenching vessel. After 
quenching, the sample has been transferred into a Dewar 
flask filled with liquid nitrogen through ice cooled acetone. 
This whole operation from opening of the lid of the quenching 
furnace to the transfer of the sample assembly to tine 
Dewar flask having liquid nitrogen has taken loss than 4-5 
seconds. Care has been taken that the level of liquid 
nitrogen has been at least 40 mm above the junction of the 
leads. 


5*8 ISOCHRONAL ASITBALIDG EXPERIMENT : 

Isochronal annealing has been carried out for 
both the pure aluminium as well as the Al - 0.095 wt Cr 
alloy samples. ,In this experiment, the sample has been 
annealed for 30 minutes at 500°C, as described in Section 
3 . 7 . Ihe as-quenched resistance has been measured at 
liquid nitrogen temperature, the sample has been progress- 
ively annealed at temperatures starting from 0 to 260°C 
for a fixed time of 5 minutes at each temperature. After 
each annealing, the resistance has been measured at liquid 
nitrogen temperature, for annealing upto 80 °C, water bath 
has been used, whereas, for temperatures from 100®C on- 
wards DM silicone fluid bath has been used. 
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3.9 ISOTHEBIM AHEBALINa AT LOT7 OSLIPEBATURES ; 

Isochronal annealing experiments on the pure 
metal and the alloy samples reveal that there is a recovery 
stage occurring around 20°C. To characterise this recovery 
stage isothemal annealing experiments have been made at 
0, 10, 20 and 30°C. The procedure is similar to that 
described in Sections 3.7 Q^nd 3.8. After measuring the as- 
quenched resistance at liquid nitrogen temperature, the 
sample assembly has been transferred to the constant low 
temperature bath for annealing at constant temperature via 
ice cooled acetone. After known interval of time, the 
sample' has been transferred to the Dewar flask having liquid 
nitrogen via. ice cooled acetone and the resistance measured. 
The process has been repeated for different time periods of 
annealing and finally the sample has been annealed at 70°C 
for 30 minutes 'in a water bath and the resistance has been 
again measured. The isochronal curves (see next chapter) 
indicate- that the first stage is complete by about 50°C, 
therefore the 700C anneal should ensure that the material 
has been taken beyond this stage. 
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ISOT HfiRivIAL AT HIG-H_ TESEPERAO?!!!?® : 

Isctheimal annealing has been carried out on the 
^ 3 . ij 250^ C 

” 0.095 wt '% Or alloy, ^o /see whether any precipitation 
occurs. The quenched resistance has been measured after 
soaking the sample for 30 minutes at 5 OOOC as described in 
Sections 3.7 and 3.8. The isothermal annealing has been 
carried out in the DM silicone fluid bath. The sample has 
been kept in the silicone fluid bath for a known interval 
of time and then transferred into Derwar flask having liquid 
nitrogen via ice cooled acetone and the resistance has been 
measured . This process has been repeated till the completion 
of the precipitation reaction as indicated by constancy in 
the resistance value. The change in resistance, AE, at a 
particular annealing tame 't' is given by 


AR = R^-R^ 


or 


A c-q t 


where A a' - = excess resistivity 

'7 = as quenched resistivity 

and ^ ^ = resistivity at time *t'. 


(5.4) 
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CHAPTER tv 

RESULTS AHD DISCUS S lOU 


4.1 INTROLUOTIOU ; 

As pointed out in Chapter 1 , the present 
investigation has been concerned with the study of chromium- 
vacancy binding energy in aluminium. There are three 
different steps involved in this study, viz. 

i) study of isochronal annealing of pure aluminiiam and 
aluminium-chromium alloy quenched from a suitable 
temperature, 

ii) after the identification of the recovery stages 

from the isochronal annealing curve, carrying out 
isothermal annealing at a suitable temperature range, 
and 

iii) to calculate the chromium- vacancy binding energy 

from the isothermal annealing data of pure aluminium 
and alimiinium-chromium alloy. 

The technique of electrical resistivity 
measurement has been used for the studies and all the 
ncsasurements have been made at liquid nitrogen ter ■ erature 
(78°K). It has been found by trial and error that the 
quench temperature of 500°C has been suitable for the 
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studies. From the excess resistivity obtained by quenching 
from this temperature, it has been possible to make a 
number of measurements for the decay in resistivity as a 
function of time or temperature. 

4.2 ESSISir/IT-Y OF 41UIvII!TIUI.! AFF AlUIvmO:!^ - 

0.095 wt % CHROMIUM ALLOY ; 

The resisitivities of alvurinium 59.999% pure 
and aluminium-chromium alloy have been measured at liquid 
nitrogen temperature (78°K). In this case the samples 
have been soaked at the temperature 500°C and quenched in 
brine solution maintained at l^C and the resistivities 
have been measured after quickly transferring the sample 
to 4/he liquid nitrogen bath. This experiment has been 
repeated three times in the case of pure aluminium; in 
the case of alloy the experiment has been repeated four 
times. The results have been tabula.ted in table 4. 


TABLE 4 

Resistivities of Al and Al-Cr alloy 
Quenching temperature = 500 °C 



J Resistivity at 78 °K 

in micro-ohm cm 

Material 

; EXpEEII/iEHT RO. 


Mean 


} I I II I III ! 

IV 

! value 

99.999% Al 

0.2285 0.2288 0.2286 

— 

0.2286+ 0.0002 

Al-0.095 wt%Cr 

0.6531 0.6523 0.6529 

0.6525 

0.6 5 27+0. 0004 
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The Eiean ve-lue of 0.2286+0.0002 micro-ohm cm 
obtained for pure al-uminiiim agrees well with the value 
0,24 micro-ohm cm obtained by lahiri^'*'^^ on 99.999fo pure 
aluminium and C.23 micro-ohm cm obtained by Pansari 

( q\ 

Pederighi' on 99*995/^ pure aluminium. 

The resistivity of aluminium-chromium (0.049 
at %) alloy is 0.6527+0,0004 micro-ohm cm. Since this is 
a quenched alloy, all the chromium will be in solid 
solutjon and therefore the contribution to resistivity 
of chromium in aluminium is 8.66 micro-ohm cm/at This 
value compares well with that of 8.3 micro-ohm cm per 

( 0*7 \ 

at % of chromium obtained by Kedves et al'- ' '' 

4.3 isochronal AlOfEALING 0? PURE ALUl/EENIUI',! AIJP AIU15INIUM- 
0.095 wt % CHROHIUIJ AlLOY ; ’ ^ 

The results of isochronal annealing of pure Al 
and Al - 0.095 wt 5o Gr alloy have been tabulated in 
tables 5 and 6 respectively and plotted in Figures 5 and 6 
respectively. , the excess resistivity is defined by 
the relation 


Ae = -et 


(4.1) 
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TABLE 5 

Isochronal annealing of pure aluminium 

Quenching temperature = 500°C 

Annealing time = 5 minutes at each temperature 


Annealing 

A ^ 

Temp. OG 

n-ohm cm 

•195 

0.0 

0 

1.2 

10 

2.0 

20 

2.7 

30 

3.3 

40 

3.7 

50 

4.3 

60 

4.4 

70 

4.5 

80 

4.7 

100 

4.9 

120 

4.9 

140 

5.0 

160 

5.1 

180 

5.5 ■ 

200 

6.3 

220 

6.9 
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TABL£1 6 

Isochronal annealing of Al - 0.095 wt S Cr alloy 


Quenching temperature = 500°C 

Annealing time- = 5 minutes at each temperature 


Annealing 

Temp. °0 

n-ohm cm 

195 

0.0 

0 

1 .4 

10 

2.4 

20 

3.3 

30 ' 

3.8 

40 

4.3 

50 

4.3 

60 

4.3 

10 

4.3 

80 

4.5 

100 

5.0 

120 

5.1 

140 

5.4 

160 

5.7 

I 80 

6 .0 

200 

6.0 

220 

6 .8 

240 

7.4 


Tq = 500 . 



TEMPERATURE °C 

FIG. 5 u ISOCHRONAli’ ANNEALING QFiPURE Al 



TEMPER 

FIG. 6 ISOCHRONAL ANNEALING OF QUENC 
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where ^ ^ is the as quenched resistivity and ^ ^ is the 
resistivity after annealing for time t. 

The time of armealing for each temperature has been 
5 minutes . The experiment for pure aluminium has been 
repeated 3 times whereas that for the alloy 4 timers. The 
mean values have been reported in the tables 5 and 6. 

A close look at Figure 5, shows that there are 

two recoveiy stages — stage I is in the temperature 

interval 0 to 50°C and the second stage between 140-220°C. 

The two recovery stages obtained are similar to those 

( 2 ) 

observed by Federighi^ ^ (Eefer to Figure 1, Chapter 2). 
Similarly in the quenched Al-Cr alloy too there are two 
stages — stage I in the temperatxn?e range 0 to 40°C and 
the stage second between temperature -range 120 to 240^0 . 

A comparison of Figures 5 and 6 indicates that 
the two stages occurring in pure aluminium and the alloy 
are similar and. it is difficult to draw any conclusions 
regarding the addition of chromim on the isochronal 
annealing behaviour of quenched al-uminium. 

The first recovery stage in pure aluminium is 
associated with the annealing of excess vacancies to 
permanent sinks such a.s grain boundaries and dislocations 
and also with the formation of dislocation loops and 

l.i. T. I /f*FUR 

CENTRAL HBRARY 

to. No. Pk .50211 
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( 2 ) 

voids . The second stage in pure aluminium is associ- 
ated with the shrinkage of dislocation loops^^»^\ In 
the alloy, the first stage should be associated v/ith the 
annealing of vacancies to permanent sinks and in the 
formation of tlie dislocation loops. The absence of any 
resistivity peak in the alloy in this stage is perhaps an 
indication of the absence of clustering. Stage II 
in the alloy can. be associated both with the shrinkage -of 
dislocation loops and with the possible precipitation of 
chromium from super saturated solid solution. Isothermal 
annealing studies on the decomposition of the super 
saturated solid solution (see Section 4.5) su.ggests that 
precipitation occurs at about 250oC. 

4.4 ISOTHEBI\IAI, MMEAIIITG OF. PUBS ALmUHIH: ALUICEUIUM 

- 0.095 wt % CHHOMIUIvI ALLOY ; 

Several isothermal annealing experiments have 
been carried out in the temperature range 0 to 30°G on 
pure aluminium and the aluminium-chromium alloy. The 
experiment has bean repeated at least three times at each 
temperature. The results have been tabulated in tables 
7 to 14 rnd plotted in the Figures 7 to 12. For the 
annealing experiments, the following relations have been 


used. 
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lABIfi 7 

ISQtheinial annealing rf 99.999/^ aluminium. 

Quenching temperature = 500 °C 
Annealing temperature = 0°C 


Annealing 

Time 

Minutes 

AC 


(7^ ^ ■ 

0 

i.oooo 

0.0000 

0.0000 

2 

0.9382 + 0.0036 

-0.0277 

0.0659 

4 

0.8842 + 0.0131 

-0.0534 

0.1310 

6 

0.8354 ± 0.0098 

-0.0781 

0.1970 

8 

0.7877 ± 0.0052 

-0.1036 

0.2695 

10 

0.7464 ± 0.0335 

-0.1270 

0.3358 

12 

0.7052 + 0.0342 

-0.1517 

0.4180 

14 

0.6712 + 0.0206 

-0.1752 

0 . 4899 

16 

0.6576 + 0.0372 

-0.1820 

0.5207 

18 

0.6299 ± 0.0502 

-0.2007 

0.5876 

20 

0.6230 ± 0.0358 

-0.2055 

0.6051 

22 

0.5883 ± 0.0432 

-0.2304 

0.69S8 

24 

0.5609 + 0.0456 

-0.2511 

0.7828 

26 

0.5472 + 0.0451 

-0.2618 

0.8275 

28 

0.5126 + 0.0581 

-0.2802 

0.9508 
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TABLE 8 

Isothermal annealing of Al , 0.095 wt % Gr alloy 

Quenching temperature = 500 °G 

Annealing temperature = 0°C 


Annealing 

Time 

Minutes 


0 

1 

o 

0 

1 .0000 

0 . 0000 

o.ooco 

2 

0.9022 + 0.0250 

-0.0447 

0.1084 

4 

0.8456 + 0.0500 

-0.0728 

0.1826 

- 6 

0.8079 ± 0.0764 

-0.0926 

0.2378 

8 

0.7663 + 0.0910 

-0.1156 

0.3050 

10 

0.7439 ± 0.0775 

-0.1285 

0.3443 

12 

'"0.7210 + 0.1008 

-0.1420 

0 . 3870 

14 

0.7138 + 0.0894 

-0.1464 

0.4010 

16 

0.6835 ± 0.1154 

-0.1653 

0.4631 

18 

0.6496 + 0.1227 

-0.1853 

0.5384 

20 

0.6271 ± 0.1301 

-0.2026 

0.5946 

22 

0.6157 + 0.1246 

-0.2106 

0.6242 


TABIiE 9 

Isothermal annealing of 99.999% aluminium 

Quenching temperature = 500 °C 
Annealing temperature = 10®C 


Annealing 

Time 

Minutes 


AL) 




log(^) 


Af 


CO 


Ac. 


• 1 ) 


0 

1.0000 



0.0000 

0.0000 

2 

0.8248 


0.0331 

-0.0836 

0.2124 

4 

0.7247 


0.0443 

-0.1398 

0.3799 

6 

0.6811 

+ 

0.0487 

-0.1668 

0.4682 

8 

0.6373 

+ 

0.0448 

-0.1956 

0.5691 

10 

0.5936 


0.0342 

-0.2265 

0.6846 

12 

0.5623 

+ 

0.0650 

-0.2500 

0.7784 

14 

0.5186 

+ 

0.0580 

-0.2852 

0.9283 

16 

0.4749 

+ 

0.0278 

-0.3234 

1.1057 

18 

0.4436 

+ 

0.03^7 

-0.3530 

1.2543 

20 

0.4310 

± 

0.0473 

-0.3655 

1.3202 

22 

0.4047 

± 

0.0361 

-0.3929 

1.4710 
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TABLE 10 

Isothermal annealing of Al . 0.f35 wt % Cr alloy 

Quenching temperature = 500°C 

Annealing temperature = lO^C 


Annealing 

Time 

Minutes 

{— ) 


( - 1 

0 

1.0000 

0.0000 

0.0000 

2 

0.8889 ± 0.0059 

-0.05115 

0.1250 

4 

0.8229 ± 0.0323 

-0.0846 

0.2152 

6 

0.7619 ± 0.0434 

-0.1181 

0.3125 

8 

0.7121 + 0.0404 

-0.1475 

0.4043 

10 

0.6643 ± 0.0308 

-0.1776 

0.5053 

12 

0.6438 + 0.0371 

-0.1912 

0.5533 

14 

0.6098 + 0.0609 

-0.2148 

0.6399 

16 

0.5824 ± 0.0605 

-0.2348 

0.7170 

18 

0.5422 + 0.0023 

-0.2658 

0.8443 

20 

0.5245 ± 0.0735 

-0.2802 

0.9066 

22 

0.4811 + 0.0639 

-0.3177 

1.0786 

24 

0.4734 ± 0.0615 

-0.3248 

1.1124 

26 

0.4431 + 0..0687 

-0.3535 

1.2568 
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table 11 

Isothermal annealing of 99.999^ aluminium 

Quenching temperature = 500 °C 

Annealing temperature = 20°C 


Annealing 

Time 

Minutes 








1 ) 


0 

1 .0000 

0.0000 

0.0000 

2 

0.7666 + 0.0177 

-0.1154 

0.3045 

4 

0.6865 + 0.0188 

-0.1634 

0.4567 

6 

0.6064 + 0.0265 

-0.2172 

0.6491 

8 

0.5268 + 0.0218 

-0.2783 

0.8983 

IQ-.. 

0.4751 ± 0.0218 

-0.3250 

1.1137 

12 

0.4401 + 0.0124 

-0.3564 

1 .2722 

14 

0.3735 ± 0.0482 

-0.4277 

1 .6774 

16 

0.3134 ± 0.0661 

-0.5039 

2.1898 

18 

0.2534 + 0.0660 

-0.5962 

2.9463 

20 

0.2000 + 0.0816 

-0.6990 

4.0000 
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TABIS 12 

Isothermal annealing of Al > 0.095 wt % Or alloy 

Quenching temperature = 50h^C 

Annealing temperature = 20°C 


Annealing 

Time 

Minutes 

0 


^ /A€ 

0 

1 .0000 

0.0000 

0.0000 

2 

0.8146 + 0 .0105 

-0.0890 

0.2276 

4 

0.688? + 0.0291 

-0.1619 

0.4520 

6 

0.5987 + 0.0539 

-0.2228 

0.6703 

8 

0.5485 ± 0.0440 

-0.2608 

0.8232 

10 

0.5164 + 0.0512 

-0.2870 

0.9365 

12 

0.5036 + 0.0548 

-0.2979 

0.9857 

14 

0.4735 ± 0.0429 

-0.3230 

1.1059 

IS 

0.4487 + 0.0268 

-0.3480 

1.2287 

18 

0.4075 ± 0.0256 

-0.3900 

1.4540 

20 

0.3892 + 0.0412 

-0.4098 

1 .5694 

22 

0.3626 + 0.0302 

-0.4405 

1 .7579 

24 

0.3343 ± 0.0261 

-0.4759 

1.9913 
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TABLE 13 

Isothermal annealing of 99 . 999 f = aluminitim 

Quenching temperature = 500 °C 
Annealing temperature = 30 °C 


Annealing 

Time 

Minutes 


(^) 

^0 


/ N 




- 0 


- 1 ) 


0 

1.0000 

0.0000 

0.0000 

2 

0.6805 + 0.0290 

- 0.1672 

0.4695 

4 

0.5419 ± 0.0180 

- 0.2660 

0.8454 

6 .. 

0.4573 ± 0.0293 

- 0.3400 

1.1867 

8 

0.3549 ± 0.0688 

- 0.4499 

1.8177 

10 

0.2534 + 0.0310 

- 0.5962 

2.9463 

12 

0.1631 + 0.0330 

- 0.7875 

5.1312 

14 

0.1025 ± 0.0365 

- 0.9892 

8.7561 
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TABLE 14 

Isothermal annealing of Al - 0.095 wt % Or 

Quenching temperature = 500°C 
Annealing temperature = 30 °G 


Annealing 

Time 

Minutes 

(^) 

‘'•Q 

lOg(/i0 ) 

o 

A'"'* 

( ® _ 1) 

0 

1.0000 

0.0000 

0.0000 

2 

0.7710 + 0.02 .-2 

-0.1130 

0.2970 

4 

0.6524 ± 0.0166 

-0.1855 

0.5328 

6 

0.5294 + 0.0568 

-0.2762 

0.8889 


0.4320 + 0.0140 

-0.3645 

1.3148 

10 

0.3506 + 0.0474 

-0.4552 

1.S523 

12 

0.3047 + 0.334 

-0.5161 

2.2814 

14 

0.2479 ± 0.0371 

-0.6057 

3.0339 





Pure A1 
Tq =500 
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MINUTES 

FIG.9 PLOT OF LOG (Ae/ABo) VERSUS TIME FOR PURE Al 


Al -0.095 Wt. •/• Cr qlloy • 
Tq = 500 ®C 
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MINUTES 

FIG.10 PLOT OF LOG (Ae/AGo) VERSUS FOR Al-0 095 Wt »/. Cr ALLOY 
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Ap 

FIG.11 PLOT 0F(-^-1) VERSUS TIME FOR PURE A I 

at: 
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i:k= ? t 


Ae 0 = -e. 


(4.2) 

(4.3) 


whore — ^resistivity of the sample in the as quenched 
state 

0 t = resistivity of the sample after annealing 
for t minutes 

^ f ~ ^ssistivity of the sample after annealing for 
30 minutes at 70°C at the end of isothermal 
annealing. The final anneal of 30 minutes 
at 70°C has teen chosen to ensure that Stage I 


is complete and the value for the resistivity 
obtained would then correspond to ■ 

(The resistivity after infinite time v/hen the 
reaction corresponding to the first stage of 
recovery) in this experiment. 


The errors in the values of 


(-2^) have 


also 


buen indico-ted in the tables (7 to 14). It 

when the times for annealing are small, the 
, A P 

values of (^cT”) "^re insignificant (<:L4^). 
longer annealing times, the errors become s 
( 1 ) . 


is seen that 
error in the 
However, for 
ignif ieant 
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The theory of annealing, of vacancies' in the 

pure metal has been out-lixiod in Chapter 2. If a low 

concentration of vacancies migrate to imfillable sinks, 

first order kinetics win be observed for the annealing 

process. In this case a plot of ln( 2;g^ ‘ " ) against time is 

'^0 

a straight line with the slope equal to Prom 

Figure 9, where the variation of ln(-^^/A^:^) with time 
for the pure metal has been shov/n, it is clear that 
initially the plot is not linear; however, at large time, 
there is a tendency for the plot to be linear. As pointed 
out in Section 2.5, when vacancies anneal to sinks with 
simultaneous formation of solute-vacancy complexes and if 
the latter are immobile, a plot of In (3^) against time 
is linear with the slope equal to -Kg* This plot for 
the alloy is shown in Figure 10, It has been seen that 
there is deviation from linearity in the early stages of 
annealing; however, in the later stages first order 
annealing kinetics have been observed. 

Investigations on pure aluminium quenched from 
high temperature have shown^^ ^ that second order 
annealing kinetics have been observed at leo.st upto 60% 
of the annealing process. If the annealing process obeys 
second order kinetics then. 
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dt " 



(4.4) 


Integrating from the limits t - 0 to t = t, 


Vq - Y 

~Y~Y = Kt (4.5) 

o 

'./here is tne concentr-itio.'i at time zero, 

V is th_ concentration at txme t, 

K is the rate constano. 

In toms of resistivities 


A^o - Ae 

At, 


= Kt 


(4.6) 


Therefore, a plot of ( 


A€ 

4s^e 


1) against time is 


lin^^ar if second order annealing Irin.-tics are obeyed. 

Figures 11 a, id 12 show such plots for pure aluminium and 

the a.lloy. In the co,se of pure o^luminium, the plots for 

of 

annealing tomporatures^O and 10°C show linear behaviour 
wheriris those for 20 ..nd 30°C deviate from linearity. In 
a similar manner the annealing kinetics for the alloy at 
0 i’.nd 10°C are of the s icond order, it is possible tc fit 
the data for annealing at 20°C to second order kinetics. 
Hov/evor, the data, for 'annealing at 50°C shows deviation 
from second order kinetics. 
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The dstw for annealing of vacancies in the alloy 

have been analysed on the basis of simultaneous annealing 

of single and divacancies. The various equations given 

( 2.32 and 2 . 33 ) have been solved on an IBM 7044 computer 

for number of values of ^Y-Or isothermal annealing at 

( 28 ) 

Of 10, 20 and 30 ° C.'' - The da-ta relevant to the present 
set of results have been shown in table 15. The values 
for the various constants used in this calculation have - 
been shown in the tables. In order to convert the values 
of Nq and H is the total number of vacancies at t 0 
and N that at time t) and A^, it has been assumed 

that the contribution of a divacancy to resistivity is 
twice that of a single vacancy and the solute vacancy - 
complex contributes the same as a free vacancy. In this 
case 






(4.7) 


Computer produced plots of (|~) against time have bee- 
shown in Figures 13 to 16. The experimental points are 
compared with the theoretical curves to calculate 'the 
binding energy. The results have bec^n tabulated in 

table 16. 
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TABLE 1 5 

Solution of differential equation (2.23) to (2.25) 7044 


Values of some of the parameters used: 


Ey = 0.76 eV ; 
y = lO^Vsecj 
= 10 ”'° 

\(1) = 0.60 eV; 
= 0.17 eV; 


k 

®in(2) 
✓ • 

I 

0 


= 773 OK 
= 8.62x10"^ eV 
= 0.50 eV 
= 2.86 A 
= 5xl0”^ at.fr. 


I . Annealing temperature = 273 °K 


®V-Cr = 

0.013 eV 

1 

{ Time 

®V-Cr " 

0.15 eV 

IT X 10^ 


! 

{ .£CS. 

f 

! 

X 10^ 

F/H , 

1 . 16192 

1.000 

0 

1.17838 


1 .13704 

0.978 

30 

1 . 1 6778 

0.991 

1.11103 

0.956 

•:6o 

1 . 1 5772 

0.982 

1 .086465 

0.935 

90 

1.14797 

0.974 

1 .06285 

0.915 

120 

1.13835 

0 . 966 

1.040144 

0.895 

150 

1.12888 

0.957 

1 .01828 

0.876 

180 

1.11954 

0.950 

0.99721 

0.858 

210 

1.11103 

0.943 

0.97692 

0 .840 

240 

1.10125 

0.934 

0.95735 

0.824 

270 

1 .09231 

0.027 

0.93845 

0.808 

300 

1 .08348 

0.920 

0.92021 

0.792 

330 

1 .07478 

0.912 

0.90257 

0.777 

360 

1 .06619 

0.905 

0.88554 

0.762 

390 

1 .05772 

0.897 

0.86905 

0.748 

420 

1.04937 

0.890 

0.85309 

0.734 

450 

1 .04112 


0.83766 

0,721 

480 

1.03300 

0.87b 


Continued. . , 
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T Able 15 ( C o nt ime d ) 
II. Annealing temperature = 283 °K 


®V-Cr ■" 

0.14 eV 

1 

{ Time 

II 

u 

1 

> 

0.15 eV 

F X 10^ 


t S0C S « 

! 

f 

! 

j E X 10^ 

:t/f 

0 

1.16952 

1 .000 

0 

1.17838 

1 .000 

1 .T3Q61 

0.967 

30 

1 .1530 

0.978 

1 .09294 

0.934 

60 

1 . 1 284 

0.958 

1 .05794 

0.905 

90 

1.1051 

0.938 

1 .02482 

0.876 

120 

1 .0826 

0.919 

0.99344 

0.849 

150 

1 .0608 

0.900 

0.96365 

0.824 

180 

1.0397 

0.882 

0.93533 

210 

210 

1 .0194 

0.862 

0.90840 

0.777 

2-.0 

0.9997 

0.848 

0.88276 

0.755 

270 

0.9806 

0.832 

0.858296 

0.734 

300 

■ 0.9621 

0.816 

0.83495 

0,714 

330 

0.9442 

0.801 

0.81264 

0.695 

360 

0.9268 

0.787 

0.79131 

0.676 

390 

0.9099 

0.772 

0,77423 

0.662 

420 

0.8936 

0.758 

0.75131 

0.642 

450 

0.8777 

0.745 

0.73256 

0.626 

480 

0.8622 

0.731 


Continued 


O « « 
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TABIE 15 (Continued) 
III. Annealing temperature = 293 °K 
^Y—Cr ~ 0.15 eV 


Time 

secs. 

U X 10^ 

U/fto 

0 

1 .17838 

1 .000 

30 

1.12092 

0.951 

60 

1 .06722 

0.906 

90 

1 .01834 

0.864 

120 

0.97293 

0.826 

150 

0.93075 

0.790 

180 

0.89137 

0.756 

210 

0.85453 

0.725 

240 

0.82005 

0.696 

270 

0.78768 

0.668 

300 

0.75722 

0.643 

330 

0.72857 

0.618 

360 

0.70152 

0.595 

390 

0.67599 

0.574 

420 

0.65781 

0.553 

450 

0.62891 

0.534 

480 

0.60721 

0.515 


Continued.. . 
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TaBIS 15 (Continued) 


iV. Annealing temperature = 303 °K 


Time 

sees . 

! \-Cr * 

0,15 eV} 
j 

®V-Cr ~ 

0.16 evj 

f 

11 

u 

o 

1 

0.17 eV 

IE X 10^ 

A 

j 

N X 10^ 

E/E i 
0 ; 

Ex 10^ 

E/E 

0 

0 

-1,1T84 

1.000 

1.1885 

1 .000 

1.2006 

1 .000 

50 

1.0580 

0.898 

1.1046 

0.929 

1 .1438 

0.953 

60 

0.9544 

0.810 

1.0284 

0.865 

1 .0304 

0.908 

90 

0.8671 

0.736 

0.9717 

0.818 

1 .0415 

0.867 

120 

0.7913 

0.672 

0.8998 

0.757 

0.9956 

0.829 

150 

0.7250 

0.615 

0.8531 

0.718 

0.9526 

0.793 

180 

0.6665 

0.566 

0.7935 

0.668 

0.9121 

0.760 

210 

0.6147 

0.522 

0.7470 

0.628 

0.8740 

0.728 

240 

0.5684 

0.482 

0.7043 

0.593 

0.8381 

0.698 

270 

0.5270 

0.447 

0.6650 

0.560 

0.8043 

0.670 

300 

0.4896 

0.415 

0.6287 

0.529 

0.7722 

0.643 

330 

0.4558 

0.387 

0.5950 

0.501 

0.7419 

0.618 

360 

0.4250 

0.361 

0.5638 

0.474 

0.7132 

0.594 

390 

0.3970 

0.336 

0.5347 

0.450 

0.6860 

0.576 

420 

0.3714 

0.315 

0.5076 

0.427 

0 . 6600 

0.550 

450 

0.3479 

0.295 

0.-^823 

0.406 

0.6355 

0.529 

^80 

0.3264 

0.276 

0.4587 

0.356 

0.6121 

0.510 



N/NO (AG/Aeo) 



MINUTES 

FIG. 13 COMPARISON OF CALCULATED AND 
EXPERIMENTAL DATA FOR T4=273°K 



( av/av) ON/N 


1-0 


Al“0.095 Wt % Cr Qtloy 
Tq r 500 °C 



FIG.14 COMPARISON OF CALCULATED AND 
EXPERIMENTAL DATA FOR T^=283°K 



N/NO (Ae/ABo) 
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F1G.15 COMPARISON OF CALCULATED AND 
EXPERIMENTAL DATA FOR T^=293°K 


MINUTES 


FIG.16 


COMPARISON OF CALCULATED AND 
EXPERIMENTAL DATA FOR T.=303°K 
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Tx'IBIS 16 

Calcul<ited values of the chromiuia— vacancy binding energy at 
different annealing temperatures 


Annealing Temperature 

OK 

®V-Cr» 

273 

Close to 0.13 

283 

0.14 - 0.15 

293 

0.15 

303 

0.16 - 0,17 


It is seen that the chromium- vacancy binding energy lies 
in the range 0.13 to 0,17 eV. 

4.5 ISOTHEBI^L AHBBAIIFG OF THS QUEIICHBI) AlLCY AT 250°C ; 

To check v/heth^r any precipitation has occurred 
when the quenched alloy has been annealed at temperature 
of the order of 200-250°C, isothemal annealing treatment 
of the alloy has been carried out at 250°C. Ihe resistivity 
measurements have been made until there is no change in 
resistivity with time. The data for 250°C annealing has 
been shown in table 17, and plotted in Figure 17. The 
relation used in this plot is given by, 
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TABLS 17 

Isothermal annealing of quenched ^-1 - 0.095 Or alloy 

Quenching temperature = 500°C 

Annealing temperature = 250^0 


Annealing time 

t, minutes 

Ae 

n ohm cm 

10 

12.1 

40 

30.0 

100 

50.7 

220 

78.2 

310 

96.3 

460 

111.7 

640 

123.8 

820 

134.9 

f060 

144.5 

1195 

150.0 

1360 

151.4 


1525 


151.4 





W‘ii6r© ^ q is "bh.© i^sis'fci'vi'ty’ y ^ "t^is 

resistivity after annealing for time t and A € 
is the excess resistivity. 


The results indicate that the precipitation 
process has been completed in about 1200 minutes. The 
resistivity fall after the__e.ompletlon-of this reaction is 
about 1-50 n otos cm^ This co-rrespnuda to precipitation 
of about ^ at. % :i,o. Q.i.01?- at.'% chromium. More 

8.66 X 10“^ 

work needs to >e done in this region -to -thoroughly 


investigate the precipitation kin^ies.. 
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CHAPTER 5 
CONCLUSION 

The following conclusions have been drawn from 

the present investigation. 

(1) The contribution to resistivity of chromium 

is 

dissolved in aluminiur^of the order 8.66 nicro-ohe/ 
at%. 

(2) The isochronal annealing curves fer pure aluminium 
and aluminium - 0.095 wt % chromium quenched from 
500°C are similar. There are two recovery stages 
in the interval 0 to 50°C and 140 to 22G°C for pure 
aluminium whereas for the alloy, these stages are 
from 0 to 40OC and 120 to 2400C. 

(3) The isothermal annealing kinetics of pure aluminium 
and aluminium - 0.095 wt chromium alloy quenched 
from 500°C and annealed in the temperature range 

0 to 30°C do net follow the first order kinetics. 
The low temperature annealing curves can be fitted 
to second order kinetics. 

(4) With the help of model which considers the 
simultaneous annealing of both single and 
divacancies, the chromium vacancy binding energy 
has been found to be in the range 0.13 tc 0.17 eV. 
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(5) When the alloy is quenched iron 500^^0 and then 

annealed at 250°C, there is an appreciable fall in 
resistivity of the order of 150 n ohms cm. which 
must be associated with the precipitation of 
chromium. This needs more extensive investigation. 
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